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ABSTRACT 
 

There has been a growing need in recent years for the development of methodology to calculate 
radiation damage factors, namely displacements per atom (dpa), of structural components for 
Light Water Reactors (LWRs). The aim of this paper is to discuss the development and 
implementation of a dpa method using Monte Carlo method for transport calculations. The  
capabilities  of the Monte Carlo code Serpent such as Woodcock tracking and fuel depletion are 
assessed for radiation damage calculations and its capability demonstrated and compared to those 
of the Monte Carlo code MCNP for radiation damage calculations of a typical LWR configuration.  
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1. INTRODUCTION 
 
With the growing interest in extending the lifetime of the current fleet of commercial LWRs not 
only in the U.S., but throughout the world, a key issue that arises is whether or not the structural 
materials of the core will be able to handle a prolonged exposure to neutron radiation. The 
answer to this question requires a reasonably detailed simulation of the neutron population 
evaluation and change during the operating life of the core, coupled with a radiation damage 
methodology that can determine the effects of irradiation on structural materials. 
 
The neutron population inside a reactor is typically simulated with few-group nodal diffusion 
theory methods. However, in order to reasonably predict the detailed damage to the reactor core 
components, one needs to resort to more sophisticated Monte Carlo or deterministic neutron 
models that can deal with the complex geometry and more accurate energy physics. Monte 
Carlo-based models have an enormous advantage in this last aspect by employing a continuous 
energy formulation rather than the arbitrary multi-group formulations employed by deterministic 
models. However, the computational effort associated with Monte Carlo is usually much higher. 
 
Displacements per atom (dpa) is a standard measure for computing neutron- and gamma-induced 
radiation damage of materials that are found in radiation prone environments. It essentially 
provides the correlation between mechanical structural damage properties associated with the 
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level of radiation that the material has encountered over the time span inside the neutron 
radiation environment. 
 
This paper focuses on the development and application of a dpa methodology within a reactor 
core environment using the Monte Carlo transport method for the simulation of the neutron 
population behavior and evolution. This potentially enables one to address the full complexity of 
the problem both in terms of geometry and physics. Two representative codes namely, MCNP 
[1] and Serpent [2] are used and their capabilities assessed for radiation damage calculations. 
 
The remainder of this paper is structured as follows: section 2 that follows outlines a Monte 
Carlo-based methodology for DPA calculation and discusses the main issues involved. In section 
3 numerical comparisons between MCNP and Serpent are presented. The final section 
summarizes the findings and explores further areas of research. 
 

2. MONTE CARLO dpa METHOD 
 
The method that is proposed here, deals with calculating dpa for a complete reactor core, 
including important structural components such as the downcomer and reactor vessel. This 
method focuses on the calculation of the nuclear recoil, where a large cascade of lattice 
displacements can be produced by the primary recoil nucleus of the nuclear reaction as it slows 
down in the material lattice. 
 
In a general macroscopic model, the number of displaced atoms depends on the total available 
energy and the energy required to displace an atom from its position in a material lattice: 
 
 

                                                                     DPA =κ Ea

2Ed

                                                           (1) 

 
The dimensionless quantity DPA is the number of displacements an atom will undergo from 
irradiation. Where κ is the displacement efficiency, which is a normalization constant with the 
value of 0.8 [3]. Where Ea is the total available energy that is entering the material lattice. Where 
Ed is the energy required to displace an atom from it position in a material lattice, which is 
heavily dependent on the chemical composition of the material being irradiated. 
 
However, it should be noted that in order that to gain a comprehensive analysis a complicated 
microscopic model is needed. The disadvantage of the microscopic model is that a time 
consuming molecular dynamics simulation is needed in order to generate the DPA cross section 
data [4]. 
 
A method that circumvents the need for a timing consuming molecular dynamics is being 
purposed in this paper. This is done by employing the cross section processing code system 
NJOY [5] to produce microscopic DPA cross-section data. This is due to the fact that NJOY data 
is based on detailed physical nuclear interactions.  It is from this nuclear data that it is possible to 
generate DPA cross sections, that are accurate for 0 to 20 MeV, which makes it applicable for 
LWRs. 
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The NJOY nuclear data processing code is regarded as the golden standard to process evaluated 
nuclear data files [6]. The damage cross section is produced in the HEATR function within 
NJOY99, which is used to add heat-production (kerma) and DPA cross sections [7]. To load the 
DPA cross section into the simulation the MT=444 reaction must be called with the input file.  
 
With this information, the calculation of dpa in a composite material can now be easily 
calculated within a standard Monte Carlo as 
 

                                                   

 

dpa =
dv φ(r


,E)dE Xiσ i

dpa (E)
i=1

N

∑∫∫
2Ed ,i

i=1

N

∑
                                           (2)  

 
The above equation makes it possible to evaluate dpa for a composite material that contains N 
number of isotopes. It should be noted that the integration over the volume is carried out 
implicitly when the F4 tally is evoked. The neutron flux φ has units of cm-2s-1MeV-1cm-3, the 
atom density (Xi) has units of b-1cm-1 for each nuclide that comprises the complete composite 
material,  the DPA cross section has units of b/atom for each of the nuclides that comprises 
the material, and Ed,I is the damage energy which has units of eV. 
 
From NJOY it is known that the DPA cross section contains the total damage [3,7] which is 
given in the equation below  
 

                                                                    σ i
dpa =

1
Ed ,i

σ i
dpa (E)                                                     (3) 

 
Now by substituting Eq. (3) into Eq. (2), the dpa equation may now be evaluated as 
 

                                                        

 

dpa =
dv φ(r


,E)dE Xi

1
Ed ,i

σ i
dpa (E)

i=1

N

∑∫∫

2 Ed ,i
i=1

N

∑
                              (4) 

 
Then by evaluating both the integrals and summation, one can now obtain a simple way in which 
to evaluate dpa for LWRs which is shown below in equation 5 
 

                                                      
 
dpa − s−1 = φ(r,


E)σ t

dpa (E)
2Ed

                                                   (5) 

 
It should be noted that is the total damage across  a composite material. Equation 5 
translates into a method for tallying neutron interaction with materials that are weighted dpa-s-1 
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composition. Now to implement this method in a Monte Carlo code one needs to evoke the tally 
multiplier. Thus, the tally multiplier can be used with MCNP as seen below in equation 6. 
 

                                          Fm4 xi, yi,zi                                                              (6) 
 

Where xi is the result from the evaluation of Eq. (5), yi is the composite material that is being 
evaluated for dpa-s-1, and zi is the material reaction MT=444. It should also be noted that this 
method can be used in association with a mesh tally in order to generate a “dpa-s-1 map” to 
visualize the amount of dpa that is occurring in the LWR system. 
 
In addition to the DPA cross section data, the number of displaced atoms depends both on the 
damage energy and the neutron flux. The damage energy, is the energy of the incoming neutron 
required to knock an atom from its position inside a material lattice. This method also takes into 
account fuel depletion, since the neutron flux will change over time as the spectrum becomes 
harder. 
 
In order to get the isotopic composition of the fuel, as it was depleted over the lifetime of the fuel 
cycle, the Monte Carlo Serpent was used. The results from the Serpent fuel depletion were used 
for both MCNP and Serpent calculation of dpa-s-1. 
 
This method was applied to a 3D fullcore pressurized water reactor, with both the downcomer 
and reactor vessel being modeled. The reactor core consists of 241 fuel assemblies. Each fuel 
assemblies consists of 264 fuels pins. The downcomer and reactor vessel were chosen to be 
stainless steel 304. The isotopic composition is found in table 1. 
 

Table 1: Isotopic Composition of Stainless Steel 304 
Element wt.% 
Magnesium 2 
Silicon 1 
Sulfur 0.03 
Chromimum 19 
Nickel 10 
Iron 67.97 

 
Another key feature that this method presents that not only will if give one the total dpa-s-1, but 
is capable of presenting one with the rate of dpa-s-1. The rate of dpa-s-1 is given by equation 7. 
 

                                                          
 
dpa − s−1 =

φ(r,

E)σ t

dpa (E)
2Ed

N
                                                (7) 

 
Where N is the atom density of the material that is subjected to neutron irradiation in the nuclear 
reactor. In order to tally the results for the rate of dpa-s-1 the same procedure that was used with 
equation 6. 
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3. Numerical Results 
 

In this section, the numerical results of the methodology employed in this paper are discussed. 
Some of the aspects examined are: dpa-s-1 as a function of energy and dpa-s-1 as a function of 
energy and fuel depletion. These calculation were performed both on the downcomer and reactor 
vessel wall. 
 
The dpa-s-1 was calculated for a full core of fresh undepleted fuel. Figure 1 shows the calculated 
dpa-s-1 as a function of energy for the downcomer with both MCNP and Serpent. Figure 2 shows 
the calculated dpa-s-1 as a function of energy to the reactor vessel wall, for both MCNP and 
Serpent. It can be seen from Figure 1 that the brunt of the radiation damage occurs in the 
downcomer. This is to be expected since it is the first solid region that the neutron radiation 
encounters after it leaves the fuel assemblies. The surprising result is the amount of radiation 
damage that the reactor vessel encounters over the course of the calculation. Both of the graphs 
took a similar shape for the amount of radiation damage as a function of energy even though the 
reactor vessel received around 3 orders of magnitude less radiation damage than that of the 
downcomer. The most that the two codes differ by is 4.5%. 
 

 
 

Fig.1. dpa-s-1 vs. Energy for Downcomer 
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Fig.2. dpa-s-1 vs. Energy for the Reactor Vessel Wall 
 

It can be observed that with higher energy there is a higher occurrence of dpa, as one would 
expect given the way that the tally response function is defined. It should also be noted that there 
was a difference in the way in which tallying was employed within Serpent. In Serpent there 
were two defined response functions, whereas MCNP only required one. This difference is due 
to the way in which the two codes operate. 
 
The dpa-s-1 was calculated as a function of energy for a core of depleted fuel. The calculation 
was performed immediately proceeding any shuffling of the fuel, which for the purposes of this 
calculation was determined to be 500 days. Figure 3 is the calculated dpa-s-1 as a function of 
energy to the downcomer, with a core of depleted fuel. Figure 4 is the calculated dpa-s-1 as a 
function of energy for the reactor vessel wall. It can be seen that the radiation damages scales 
linearly over the course of the life of the fuel cycle. It should also be noted that the fuel depletion 
was calculated with Serpent. 
 



FUNCTIONAL METHOD FOR ESTIMATING DPA TALLIES IN MONTE CARLO  
 

2011 International Conference on Mathematics and Computational Methods Applied to  
Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 

7/9 

 

 
 

Fig.3. dpa-s-1 vs. Energy in the Downcomer with Fuel Depletion 
 

 
 

Fig.4. dpa-s-1 vs. Energy in the Reactor Vessel Wall with Fuel Depletion 
 

The computation time for these calculations were quite different from one another. On one hand, 
the average calculation time for MCNP was 5.5 hours. Whereas, Serpent took a little over 2 
hours per calculation. It should also be noted that the calculation for Serpent does not include the 
computational time to perform fuel depletion calculations. The difference in calculation time is 
due to the fact that Serpent is a dedicated reactor lattice code which employees Woodcock [9] 
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tracking. Woodcock tracking is better suited to handle the neutron interaction of this nature, in 
repeated lattice geometry [8]. 
 

4. CONCLUSIONS  
 
This paper has presented a discussion of methods by which one can  tally dpa-s-1 within two 
standard Monte Carlo radiation transport codes. The method was also extended to handle a 
complex light water reactor system that dealt with fuel depletion. This demonstrates how the 
structural materials react to constant neutron irradiation, over the course of the reactor core 
lifetime. 
 
The results demonstrated an outstanding consistency for the neutron flux, dpa-s-1 as a function of 
energy and fuel depletion. However, there were some systematic discrepancies noted as well. 
The observed differences in the calculation of dpa-s-1 as a function of energy are mostly due to 
the way in which the codes calculate and handle neutron interacts with structural materials. 
These errors (<4.5%) were found to be at the higher neutron energy spectrum (9.5 MeV to 10.5 
MeV) of the reactor system. It should be noted however, that the differences between these two 
fundamentally different calculation methods may never be reduced to zero. 
 
The two Monte Carlo codes used to solve the dpa-s-1 equations also demonstrated remarkable 
consistency, which is an indication that there are no major flaws in the way in which the method 
was employed. The method when employed by Serpent can be considered superior in terms of 
efficiency. This difference is likely to be reduced if MCNP were to employ an option that 
terminates particles of energies that are not realistic to a LWR system, along with employing a 
particle tracking method that is more advantageous to the repeated lattice geometry that is found 
within LWR systems. 
 
The LWR core dpa calculation for both systems were completed in less than 10 hours, on a 2.66 
GHz dual processor workstation. While this calculation time is not comparable to deterministic 
codes, it does however, demonstrate that Monte Carlo method can be used for full core dpa 
calculations, without having to wait several days or weeks for results. Another advantage to the 
Monte Carlo method is that it is not restricted to a single fuel type or LWR, and the continuous 
energy cross sections bring the best available knowledge of neutron interactions directly into the 
transport calculation. 
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